Demands to improve the sensitivity and measurement speed of dynamic scanning force microscopy and cantilever sensing applications necessitate the development of smaller cantilever sensors. As a result, methods to directly drive cantilevers, such as photothermal or magnetic excitation, are gaining in importance. Presented is a report on the effect of photothermal excitation of microcantilevers on the increase in steady-state temperature and the dynamics of higher mode vibrations. First, the local temperature increase upon continuous irradiation with laser light at different positions along the cantilever was measured and compared with finite element analysis data. The temperature increase was highest when the heating laser was positioned at the free end of the cantilever. Next, the laser intensity was modulated to drive higher flexural modes to resonance. The dependence of the cantilever dynamics on the excitation laser position was assessed and was in good agreement with the analytical expressions. An optimal position to simultaneously excite all flexural modes of vibration with negligible heating was found at the clamped end of the cantilever. The reports findings are essential for optimisation of the excitation efficiency to minimise the rise in temperature and avoid damaging delicate samples or functionalisation layers.
1. Introduction: Driving a microcantilever in air or liquid is a prerequisite for dynamic mode scanning force microscopy [1] and mechanical sensing applications [2] . Available techniques include acoustic, magnetic and photothermal excitation. Owing to its simplicity and robustness, acoustic excitation, which employs a vibrating piezoelectric crystal, is by far the most often applied. Its major drawbacks are spurious resonances, which result in the well-known 'forest of peaks' [3] . Particularly in liquid, the indirect energy transfer excites resonances originating from the chip body and fluid cell surfaces, impeding detection of the cantilever response. Although technical improvements have reduced some of these problems [4, 5] , approaches in which the cantilever is directly excited are still preferred [6] , particularly when the latter is immersed in viscous fluids. Magnetic excitation, where a magnetic field exerts a periodic force on the cantilever, has been successfully applied to drive cantilevers in liquid (for details see Han et al. [7] ). When photothermal excitation is employed, an intensity-modulated laser periodically heats the cantilever and thus induces bending. This type of excitation was first applied to bridge resonators [8] and subsequently to cantilevers in air and liquids [9, 10] . The direct energy transfer avoids spurious resonances, and thus renders photothermal excitation suitable for atomic force microscopy [11, 12] , force spectroscopy [13] and sensing applications [14] . Driving frequencies up to several megahertz have been accessed [15] . Furthermore, theoretical frameworks have identified the underlying mechanisms, allowing the experimental parameters to be optimised [16] [17] [18] . Highly efficient excitation can be achieved by using an asymmetric cantilever cross-section [19] and optimising the cantilever absorption properties to match the wavelength of the excitation laser [15] . Understanding laser-induced heating of the cantilever and its surroundings is of major importance because it could, for example, alter the surrounding fluid properties [20] or damage delicate samples.
Here, we report the influence of the excitation laser position on the local steady-state temperature distribution and the amplitude of higher flexural modes of vibration in liquid. Steady-state heating by an incident laser with constant intensity is modelled using finite element analysis and compared with the temperature indirectly measured via bi-material bending of the gold-coated cantilever [21] . By focusing the intensity-modulated excitation laser at different positions along the cantilever, the amplitudes of higher flexural modes of vibration are measured and compared with the analytical expressions [16, 22] . Fig. 1 shows the experimental setup consisting of two laser diodes to, respectively, heat (LD EX , 406 nm) and detect the deflection (LD DE , 780 nm) of the cantilever. The wavelengths are chosen so that ∼ 67% of the Figure 1 Setup employed to heat cantilever and detect its deflection Detection beam (red line) originating from 780 nm laser diode (LD DE ) is focused onto cantilever using 4× objective ( f 1 ) Reflected beam directed onto position sensitive detector (PSD) using polarising beam splitter Concave lens ( f 2 ) that is separated from PSD by d PSD is inserted to enhance deflection signal Δz and ΔD are deflection of cantilever and induced laser spot displacement on PSD, respectively Heating/driving laser (LD EX , 406 nm; blue dashed line) is coupled in using dichroic mirror Mirror (M) allows its position on cantilever to be controlled Distances are cantilever-glass slide spacing d heating and < 3% of the detection laser intensity is absorbed by the cantilever gold coating. The detection laser spot is positioned at the tip of the cantilever during all experiments, resulting in the highest response for all the flexural modes of vibration. The Gaussian spot size on the cantilever, determined using the knife-edge method [23] , was 12 µm for LD DE and 29 µm for LD EX . The deflection of the cantilever Δz is geometrically related to the displacement ΔD of the laser spot on the position sensitive detector (PSD) [24] . Considering the different refractive indices of the media the laser beam passes through (see (1) )
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Experimental setup:
The The difference in the linear thermal expansion coefficients of the two materials causes a bi-material cantilever beam, subjected to a temperature change of ΔT, to deflect by Δz. Thus, deflection can be used as a measure of the average cantilever temperature, assuming a homogeneous temperature distribution along the beam. Even though the response is complex and nonlinear over a wide temperature range [26] , it can be linearised for small temperature changes [21, 27] 
The thickness of the cantilever t Si was determined in a calibration step (see Section 4) and the thickness of the deposited gold layer t Au was 20 nm. K is a function depending on the thicknesses and Young's moduli of the two layers and is provided in [21] . The linear thermal expansion coefficients and Young's moduli were γ Si = 2.59 × 10
GPa and E Au = 79 GPa [26] . The deflection Δz was measured while positioning the laser at different places on the cantilever and switching on the laser until a steady-state deflection was reached. To account for small variations in the baseline ( < 5 nm), the deflection before laser switch-on was subtracted from the steady-state deflection after laser switch-on. Two different incident laser powers were employed for these measurements: 2.4 and 4.9 mW with corresponding power densities of 2.3 and 4.6 MW/m 2 , respectively, on the cantilever.
2.2.2
Temperature simulated by finite element (FE) analysis: FE simulations reported in the literature were performed to study the effect of laser irradiation on the microstructures [18, [28] [29] [30] . In the present work, the increase in temperature of the cantilever immersed in water, because of the heat deposited by the incident excitation laser, was simulated via a three-dimensional FE analysis using the Heat Transfer module in COMSOL Multiphysics [31] . Owing to the small scale and localisation of the heat sources, conductive heat transfer was assumed to be the major dissipative mechanism, and convective heat transfer and radiation were assumed to be negligible. The heat equation [31] then reduces to
where ρ, C p , k, Q and T are the mass density, the heat capacity at constant pressure, the thermal conductivity, an inward heat flux and the temperature. All material properties were taken from the COMSOL Multiphysics material library. A total of ∼300 000 elements were meshed; thereby, the region around the cantilever was meshed with higher resolution. More than 97% of the detection laser power was reflected. Therefore, it does not cause significant heating, and was not considered in the simulations. The excitation laser was modelled as a boundary heat source on the surface of the cantilever, thus neglecting light absorption by the surrounding fluid. Since the penetration depth of the optical field is very small compared with the thickness of the cantilever, the absorbed power density was estimated to be
, where P in is the incident laser power, R = 0.33 the reflectance at wavelength λ = 406 nm and r = 15 µm is the radius of the heat source. The boundary conditions were defined as follows: the silicone cell enclosing the fluid was assumed to be thermally insulating; the bottom face of the fluid and the cantilever chip (see Fig. 1 ) were taken to be in ideal thermal contact with the glass slide. The vertical faces of the glass slide were set as open boundaries, thus extending it infinitely in the horizontal direction and allowing heat to flow outwards; being temperature controlled, the bottom of the glass slide was modelled as a heatsink at a constant temperature of 293.15 K. Numerical results were processed by taking crosssectional temperature profiles and calculating the average temperature of the cantilever.
2.3. Photothermal excitation of higher flexural modes: Photothermal excitation is achieved by an intensity-modulated laser, which periodically heats the microcantilever and, thus, induces vibration. The force per length exerted on the cantilever through the differential longitudinal stress produced by the heat from the laser, is a convolution between the temperature distribution ΔT and the second derivative of the spatial mode profile φ n of the vibrating cantilever [16, 22] . Under the assumption of harmonic vibration, the normalised amplitude of vibration at the tip of the cantilever scales linearly with the applied force per unit length, leading to the following expression
where x is the coordinate along the cantilever axis and x 0 the position of the excitation laser; A 0 is a normalisation factor determined for each mode individually; φ n (x) is the spatial distribution of the nth eigenmode of the cantilever [32] ; ΔT(x;x 0 ) is the temperature distribution along the beam. For dynamic cantilever excitation, only the alternating component of ΔT(x;x 0 ) is of importance. Therefore ΔT was described by a Gaussian function resembling the intensity distribution of the laser spot. To obtain the amplitude, resonance spectra were recorded while moving the excitation laser along the cantilever. Fitting a simple harmonic oscillator model allowed the angular deflection amplitude to be determined for each mode individually. To precisely determine the relative excitation spot position and normalise the data, (4) was fitted to the profiles of modes 2-6 simultaneously using a global fit algorithm. For all dynamic experiments, a peak-to-peak amplitude of 7 mW was modulated onto a constant laser power of 4.9 mW.
3. Results and discussion 3.1. Steady-state temperature upon continuous laser irradiation in liquid: The steady-state temperature increase in liquid, induced by continuous laser irradiation at different positions along the cantilever, was evaluated by two independent approaches: (i) indirect measurement by the bi-material bending of the cantilever and (ii) FE simulations. First, the thickness of the bi-material cantilever was calibrated. The ambient temperature was changed stepwise from 293.15 to 297.15 K, resulting in upward cantilever deflections ranging from 0 to 36 nm. As reported previously, [27] , and discussed above (see Section 2), the temperature-deflection dependence was linear (correlation coefficient R = 0.998). By fitting (2) to the data, the thickness of the cantilever was determined to be t Si = 3.0 µm. The calibrated thickness deviates from the nominal value (4 µm) because of variations in the fabrication process and systematic deviations in the geometrically determined deflection (1). After calibration, the deflection upon continuous laser irradiation at different positions along the beam (illustrated in Fig. 2a ) was recorded and converted into an average increase in temperature using (2) (Fig. 2b) . Close to the chip, a thicker support region defines the clamped end of the cantilever [position (1), Fig. 2a] . Positioning the laser further towards the tip of the cantilever [positions (2) and (3), Fig. 2a] , resulted in higher deflections and, thus, higher temperatures as shown in Fig. 2b . Turning on the laser was followed by heating-related deflection resulting in a steady-state value within a few seconds; turning the laser off again reversed the process. The maximum deflection was 56 nm, indicating an increase in the average cantilever temperature of about 6 K. The observed reversibility and repeatability of this process indicates that ablation of the cantilever coating, previously observed at higher power densities in air [29] , did not occur.
The results of the FE simulations employed to determine the temperature profiles of the cantilever and its surroundings are shown in Fig. 3a . A confined hot spot forms around the position of the heating laser. The maximal local temperature change found by FE analysis was 11 K for 4.9 mW laser irradiation at the tip of the cantilever. The average increase in the temperature of the cantilever material was calculated from the simulated data (solid lines in Fig. 3b ), for comparison with the values derived from the measured deflection of the cantilever using (2) (markers in Fig. 3b) . As indicated by the simulations, the assumed homogeneous temperature distribution is a poor description of the temperature profile along the beam (Fig. 3a) . This accompanying uncertainty in the experimentally derived temperature data may be the main reason why the simulation apparently overestimates the average temperature increase in the first half of the cantilever and underestimates it towards the tip. More importantly, even though the two independent datasets differ slightly, both reveal the same temperature behaviour along the cantilever beam (Fig. 3b) . The shape of the profiles identifies thermal conduction through the cantilever material as the major mechanism for heat dissipation. Moving the heating laser closer to the clamped end (support) improves the thermal conductance [33] , dissipating a larger fraction of the incident power through the cantilever chip. Owing to its lower thermal conductivity, the surrounding liquid provides insufficient heat drain when the laser is positioned towards the tip of the cantilever, resulting in a larger temperature increase. (2) and at its tip (3) as shown by micrographs; second spot (beside cantilever) is reflection from glass slide b Cantilever deflection Δz and increase in average cantilever temperature ΔT upon 4.9 mW laser irradiation at different positions on cantilever 3.2. Dependence of laser spot position on higher mode excitation: The dynamic response of higher flexural modes of vibration excited by an intensity-modulated laser at different positions along a cantilever immersed in liquid was investigated. A photothermally driven amplitude spectrum is shown in Fig. 4a . The cantilever resonance peaks are well resolved because the spectrum is free of spurious resonances. The fundamental mode is not recorded, because its resonance frequency is below the highpass filter frequency of the excitation electronics. Fig. 4b shows the normalised amplitude for flexural modes of vibration 2-6 for different excitation laser positions. Except for the region towards the clamped end of the cantilever (x 0 = 0), the amplitude profiles are in good agreement with the theoretical values (4). An optimal excitation position within the support region (x 0 = −0.06) was identified for mode 3 and higher (Fig. 4, black arrow) . It resulted in amplitudes up to 2.5 times higher than those obtained by positioning the laser on the cantilever itself and the difference was more pronounced for higher modes. This feature is most probably because of the specific geometry of the cantilevers employed: the thicker support region [position (1) in Fig. 2a] is an efficient heatsink. Therefore, the temperature decreases more rapidly after a laser pulse, allowing higher local peak-to-peak temperature variations at high frequencies. These are in turn transduced into larger vibrational amplitudes and, thus, a more efficient excitation of higher modes, or higher frequencies in general.
Conclusions:
Understanding the interaction of laser radiation with microstructures is of major importance for the optical excitation of microcantilevers in fluid, picowatt calorimetry [33] , thermodynamic measurements of thin films [29] and the dynamics of microactuators [28] . FE simulations and deflection-derived measurements of the laser-induced temperature increase at different positions on a microcantilever were in good agreement. Conductive heat transfer through the cantilever material was identified as the dominant heat dissipation mechanism of a cantilever in liquid irradiated by a laser. Furthermore, the dynamic response of the cantilever, driven photothermally by an intensity-modulated laser at different positions, was studied. These findings allowed the optimal position of the excitation laser spot on the cantilever to be determined for different flexural modes of vibration. Placing the spot in the support region of the cantilever used, resulted in the most efficient excitation along all flexural modes greater than two, whereas the temperature increase was minimal (<2 K). We hypothesise that the efficient heatsink properties of the support promote local high-frequency temperature variations, which would explain why the effect was more pronounced at higher frequencies. These findings are of particular interest because high resonance frequencies, achieved by using higher modes or smaller cantilever dimensions, increase the sensitivity [2] .
Improving the excitation efficiency and thus reducing the temperature increase, allows optical excitation to be employed without damaging functionalisation layers in sensing applications or sample surfaces in dynamic mode scanning force microscopy by thermal denaturation. The major parameters to be considered are: (i) the cantilever geometry and material, (ii) the excitation laser spot size determining the power density and (iii) the position of the excitation laser on the cantilever.
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